MicroRNAs (miRNAs) are a class of non-coding, regulatory small RNAs of ∼22 nt. It was implicated that these small RNAs play critical roles in various important biological processes. During development, some miRNAs are specifically expressed in individual tissues and at particular developmental stages. Many miRNAs show distinct expression patterns in the development of central nervous system, including spinal cord. In this study, we first reported the miRNAs expression in the development of mouse spinal cord. Differentially expressed miRNAs in embryonic (day 13.5) and neonatal mice spinal cords were identified. The predicted target genes of the differentially expressed miRNAs were subject to gene ontology and KEGG pathway analysis, and several nervous development-related pathways were enriched, implying that these miRNAs may be involved in these pathways that regulate mouse spinal cord development.
Introduction
MicroRNAs (miRNAs) are a class of small, endogenous regulatory non-coding RNA molecules. miRNAs are transcribed as large primary transcripts with characteristic stem-loop hairpin structures. Mature miRNAs are composed of 20-24 nucleotides and generated after two steps of cleavage by the Drosha and DGCR8 complex. Once incorporated into RNA-induced silencing complex (RISC), miRNAs guide the RISC complex to their target genes, which results in expression repression by mRNA cleavage or translational inhibition.
It has been reported that a large number of miRNAs exist in the mammalian central nervous system (CNS), including the brain and spinal cord [1] [2] [3] [4] . These miRNAs play key roles in neurodevelopment, nervous degenerative diseases, and neurotraumatic pathologies [5] [6] [7] [8] [9] [10] [11] . Tang et al. [12] and Bak et al. [1] investigated the miRNA expression patterns in adult mouse spinal cord by microarray and reported that miRNAs may be associated with specific functions in normal spinal cord. Some researchers performed global analysis of the miRNA dysregulation in spinal cord injury by microarray [13] [14] [15] [16] [17] [18] [19] . For example, miR-21 had an anti-apoptotic effect and regulated astrocytic response after spinal cord injury [20] . miR-133b was reported as an important determinant in spinal cord regeneration of adult zebrafish through reduction in RhoA protein level by directly interacting with its mRNA [21] . Similarly, miR-210 might contribute to spinal cord repair by promoting angiogenesis via the inhibition of protein-tyrosine phosphate 1B and ephrin-A3 [22] . Recently, miR-486 was identified as an injury-induced miRNA in motor neurons in traumatic spinal cord lesions [15] . miR-486 induced reactive oxygen species-mediated neurodegeneration and active inflammatory factor recruitment by suppressing NeuroD6, which suggests that miR-486 could be a potential target for therapeutic interventions following spinal cord injury [15] .
Although accumulating evidence indicates that miRNAs play important roles in CNS development and disorders, we still have no knowledge about miRNA expression and its roles in spinal cord development. By using microarray, we identified differentially expressed miRNAs during mouse spinal cord development. GO category and KEGG pathway enrichment analysis were further performed to reveal the potential roles of these miRNAs and the miRNA-related regulatory networks. Taken together, our results will help to understand the roles of microRNA in different processes and pathways associated with mouse spinal cord development.
Materials and Methods
RNA sample preparation C57BL/6 mouse pregnancy was accurately calculated. Noon of the day on which vaginal plug was observed was counted as embryonic 0.5 day. E13.5 or P0 embryos were harvested in pre-cooled phosphatebuffered saline. Spinal cords were dissected carefully by disclosing the dorsal skin with forceps under microscope. Fat tissue around the spinal cord was removed. All processes were performed on ice. Three spinal cords from embryos or newborn pups were pooled for RNA isolation by Trizol reagent (Invitrogen, Carlsbad, USA) following the manufacturer's instructions. For final precipitation of RNA, isopropanol was substituted with 2.5-fold volume of ethyl alcohol at −20°C to recover small RNAs.
Methods for microarray
Small RNAs of 18-26 nt were size fractioned by gel extraction and ligated with adapters to generate small RNA libraries as described previously [23] . Labeling and hybridization were carried out on a homemade miRNA microarray platform [23] . Arrays were scanned by ScanArray 5000 (Perkin-Elmer, Waltham, USA) with a resolution of 5 μm. Samples were normalized with total signal intensities. Signals that changed more than 2-fold between embryonic (day 13.5) and neonatal mouse spinal cords with an adjusted P-value of <0.005 were identified as differentially expressed miRNAs.
Quantitative real-time-polymerase chain reaction
Quantitative real-time-polymerase chain reaction (qRT-PCR) for miRNA was performed as described in our previous study [24] . Briefly, total RNA (200 ng) was polyA tailed and reverse transcribed by using NCode miRNA first-strand cDNA synthesis kit (Invitrogen) according to the user's manual. The miRNA-specific primers used in this study are listed in Supplementary Table S1 . The relative miRNA expression in P0 and E13.5 spinal cord was calculated by the 2 −ΔΔCt method. 18S rRNA was used as internal control for normalization.
Bioinformatical analysis
The miRNA target genes were predicted by seven miRNA targetpredicting algorithms, DIANA-microT [25, 26] , miRanda [27] [28] [29] [30] , mirBridge [31] , PicTar [32] , PITA [33] , rna22 [34] , and TargetScan [35] [36] [37] , and two experimentally validated databases, TarBase [38] and miRecords [39] , were also included as a union target gene set for further analysis. For target genes enrichment analysis, miRNAs shown in Tables 1 and 2 along with their expression ratio in embryonic and neonatal mouse spinal cords are submitted to miRSystem, a web tool for weighted pathway-ranking (KEGG pathway) enrichment analysis [40] . The miRNA target genes were also submitted to Gorilla, a web tool for gene ontology enrichment analysis [41] .
Database accession number
The GEO accession number of the primary microarray data is GSE59103.
Results and Discussion
To identify differentially expressed miRNAs during mouse spinal cord development, small RNAs derived from spinal cords of E13.5 and P0 mouse embryos were labeled for microarray analysis. Table 1 listed the top 17 up-regulated miRNAs (more than 2 folds) with signals more than 2000 in E13.5 spinal cord. Among them, there were seven miRNA probes (let-7a-5p, let-7b-5p, let-7d-5p, let-7f-5p, let-7g-5p, let-7i-5p, and miR-98-5p) to the let-7 family showed more than 2-or 3-fold up-regulation. According to our probe design strategy, these probes actually represented all of the let-7 members because of their highly similar sequences. Therefore, these signals could be considered as the overall signal of the let-7 family. The let-7 family miRNAs have been confirmed to be up-regulated as the developmental timing in animals [42] [43] [44] [45] [46] . The consistency with previous studies indicated the high reliability of our microarray platform. miR-128-3p was the most dramatically up-regulated miRNA and expressed more than 9-folds higher in P0 spinal cord than in E13.5 spinal cord. For down-regulated miRNAs, there were 22 miRNAs (signals value >2000 in P0 spinal cord) showed more than 2-fold decrease ( Table 2 ). Probes to miR-199a,b-3p, and miR-183-5p detected the most sharply decreased signals (more than 10 folds) in P0 spinal cord. Four mature miRNAs (miR-199a-5p, miR-199a-3p, miR-199b-5p, and miR-199b-3p) from both arms of the miR-199a and b hairpins were listed as the top down-regulated miRNAs. Five miRNAs, miR-17-5p, miR-18a-5p, miR-19b-3p, miR-20a-5p, and miR-92a-3p, were generated from a miRNA cluster on Chr14. This miRNA cluster, called miR-17∼92 cluster, was over-expressed in multiple cancer types [47, 48] . This cluster has also been identified as a direct Nanog target and is required for the Nanog-induced enhancement of selfrenewal of neural stem cells [49] . In this study, all of the five miRNAs were expressed much higher in E13.5 spinal cord and were significantly decreased during mouse spinal cord development ( Table 2) . Our data along with the previous study suggested that the miR-17∼92 cluster miRNAs play important roles by involving in neural stem cell functions in mouse spinal cord development.
To evaluate the reliability of the microarray data, each top 10 miRNAs of the up-regulated and down-regulated miRNA lists were validated by qRT-PCR. The qRT-PCR data of the 20 miRNAs are summarized in Fig. 1 and showed high consistency with our microarray data. However, qRT-PCR analysis revealed more significant differential expression between P0 and E13.5 spinal cord samples than microarray on many miRNAs. This kind of difference should be due to the systematical bias of these two methods. Actually, microarray analysis is a semi-quantitative system to for gene detection; while qRT-PCR is more sensitive and can show more accurate results on miRNA quantification. Nonetheless, the microarray system in this study is still reasonably reliable because of the high consistency with the qRT-PCR results.
To discover the potential roles played by these differentially expressed miRNAs, target genes of the two groups of miRNAs were predicted. Both the predicted and experimentally validated target Continued miRNAs in mouse spinal cord developmentgenes were included as a union target gene set for further gene ontology and KEGG pathway analysis. The two sets of target genes of the differentially expressed miRNAs were submitted to Gorilla, a web tool for gene ontology enrichment analysis. The top 50 GO terms of the two sets of target genes are listed in Supplementary Table S2 . The GO analysis revealed that three kinds of GO processes (nucleic acid metabolic processes, cellular or organism development and differentiation processes, and nervous system development processes) were enriched in these miRNAs target genes. These processes are highly related to nervous system development, indicating that the differentially expressed miRNAs may be a class of important regulatory molecules in spinal cord development. To further explore the potential functions of these miRNAs, the two sets of target genes were further analyzed by miRSystem [40] , a tool for KEGG pathway enrichment of miRNA target genes. The top 50 KEGG pathways enriched from the each target gene group are listed in Supplementary Table S3 . As we expected, the involved KEGG pathways of these two group target genes are highly overlapped, indicating that both the up-regulated and down-regulated miRNAs are involved in these pathways. This also indicated that these pathways were not randomly enriched. The nervous system development-related pathways, axon guidance and neurotrophin signaling pathway, were both top enriched. This demonstrated that these miRNAs should play important roles in spinal cord development. For these enriched KEGG pathways, most of the up-regulated or downregulated miRNAs were involved. This indicates that the differentially expressed miRNAs are functionally related or associated with the process of spinal cord development. The target genes of the four most upregulated and three most down-regulated miRNAs were also subject to KEGG pathway enrichment analysis separately. Table 3 shows the top 10 enriched KEGG pathways from the target genes of each miRNA. In contrast to the union set of target genes, the individual miRNA target genes involved in different KEGG pathways indicated the different roles they play during spinal cord development.
In conclusion, this study identified differentially expressed miRNAs during mouse spinal cord development and provided a comprehensive view of the potential roles of these miRNAs involved in the spinal cord development.
Supplementary data
Supplementary data is available at ABBS online. 
